Background and Purpose: The aim of this study was to measure apparent diffusion coefficients in rat brain tissue exposed to ouabain, glutamate, and JV-methyl-D-aspartate and to compare them with apparent diffusion coefficients found in acute cerebral ischemia.
D etection of ischemic brain tissue by conven-
tional T2 -weighted nuclear magnetic resonance (MR) imaging is delayed 3-24 hours after the interruption of cerebral blood flow (CBF). 1 -5 This lack of sensitivity is probably due to the dependence of T2 prolongation on the rather slow net increase in tissue water that develops several hours after the ischemic insult. 6 - 7 Recently, MR images of incoherent microscopic proton motion, the so-called diffusionweighted MR images, have been shown to be far superior to T2 -weighted MR imaging because the ischemic brain tissue can be visualized within 1 hour. 8 -11 Incoherent microscopic proton motion in vivo is primarily due to diffusion, but in principle this motion reflects all transport processes within the different tissue compartments, hence the name "apparent" diffusion coefficient (ADC). 12 The ADC is consistently reduced in ischemic brain areas; however, the actual pathophysio-logical mechanisms involved in this phenomenon are unknown. 8 -" Given the potential of using ADC measurements to detect and track the evolution of tissue injury in acute clinical stroke, there is a growing need to understand this concept. One working hypothesis is that shortly after the onset of ischemia, tissue ATP reserves are depleted and the subsequent failure of the Na + , K + -ATPase pump causes water protons and ions to migrate from the faster-diffusing, extracellular space into the slower-diffusing, more restricted intracellular compartments, resulting in an ADC decrease. 8 To explore this hypothesis further, we subjected brain tissue in vivo to two different insults, both of which are known to occur during the acute phases of ischemia. First, we compared brain ADC measurements in rats exposed to the grycoside ouabain, which specifically inhibits Na + , K + -ATPase, 13 with the ADC measurements found in acute ischemia. Second, we tested the effect of two different excitotoxins, glutamate and N-methyl-D-aspartate (NMDA), both of which mediate acute neuronal swelling. Groups 1, 2, and 3 were anesthetized with 2.5-3% halothane in a 3:1 (vol/vol) N 2 O/O 2 mixture, intubated, and ventilated with a Harvard rodent ventilator (Harvard Apparatus, South Natick, Mass.). Anesthesia was maintained with 0.5-0.75% halothane. The rat was placed in a stereotaxic frame (frame No. 9, David Kopf), and a 2.0-cm piece of a 0.35-mm (o.d.) micTodiarysis membrane (Diaflo Hollow Fiber Hlx50; molecular weight cutoff, 50,000; Amicon, Beverley, Mass.) was stereotaxically implanted, perpendicular to the sagittal plane, into the dorsal hippocampus (coordinates: 3.6 mm behind and 3.1 mm below the bregma). 16 To avoid disturbances of local CBF and 2-deoxyglucose metabolism, 17 all rats in groups 1, 2, and 3 were allowed to recover for 24 hours after surgery. Technical details of the various microdialysis/MR imaging methods are summarized in Table 1 . Microdialysis was used to deliver the agents because ouabain, glutamate, and NMDA are polar compounds and require direct intracerebral delivery that bypasses the blood-brain barrier. Microdialysis also avoids exposure of the surrounding tissue to excess amount of vehicle and bulk flow, processes that could create artifactuaJ changes in the ADC. 18 Group 4 rats were anesthetized as described above, and the ventilator was adjusted to maintain a normal PACO 2 . A polyethylene catheter in the right common carotid artery was used to measure mean pressure and remove samples for measurement of PAO 2 , PACO 2 , and pH (model 813 blood gas/pH analyzer, Instrumentation Laboratory, Lexington, Mass.). Rectal temperature was monitored and maintained at 37°C with a heating blanket. Occlusion of the right middle cerebral artery was performed as previously described in detail. 19 Briefly, under saline irrigation a craniectomy of approximately 2 mm diameter was made in front of the foramen ovale. After removing the dura, the exposed middle cerebral artery was occluded both proximal and distal to the lateral lenticulostriate branch(es). The surgical procedure required about 40 minutes.
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Magnetic resonance imaging was performed on a GE NMR Instruments 7.0-T system using shielded gradients (90 G/cm), a 5-cm-diameter "birdcage" radio frequency coil, and a field of view of 35- 23 In groups 1, 2, and 3, single-slice sagittal MR images were acquired in the left hemisphere 2.5 mm lateral to the midline. 16 In group 4, single-slice frontal MR images were acquired at the level of the bregma. 16 To verify the system calibration and stability, standards of water and dimethyl sulfoxide were included in the field of view of all studies. ADCs of standards were the same (within experimental error) for both sequences. Diffusion coefficient calculations from the four images were accomplished by a pixel-to-pixel fit to the diffusion decay given by the equation
where S is the pixel intensity for a given image n of the four images, TE is echo time, S(0) is the equilibrium intensity, D is the diffusion coefficient, and b is given by the integral of the pulsed gradients, G(t) (for further details, see References 12, 21, and 23) . Previous efforts have demonstrated that the resulting calculated diffusion image agrees with published values of ADC for our standards within ±10%. 21 On the day of MR imaging, rats from groups 1, 2, and 3 were reanesthetized. Anesthesia was induced and maintained with 3% and 1.0% halothane, respectively, in a 40% O 2 (balance, N 2 ) gas mixture. During imaging scan-synchronous ventilation was used to avoid breathing-motion artifacts. 24 In the magnet, an electrocardiogram was monitored and body temperature was maintained at 37°C by a continuous flow of heated air. About 40 minutes were required to prepare the rat for MR imaging, tune the radio frequency coil, and localize the imaging slice. Thus, MR imaging in groups 1 and 4 was initiated simultaneously at 40 minutes after ouabain exposure and occlusion of the middle cerebral artery, respectively. By contrast, the exposure of group 2 and 3 rats to excitotoxins was performed during scanning.
Within 2 hours after conclusion of imaging, rats were perfused transcardially with 0.9% (wt/vol) saline for 1 minute followed by about 400 ml fixative (buffered Forma-Scent fixative, 10% [wt/vol] formalin, pH 6.9-7.1; Scientific Products, Baxter). The brain was removed and placed in fixative at 4°C for 7 days and then in fresh fixative containing 30% (wt/vol) sucrose for 3 days. In groups 1, 2, and 3, 40-^im-thick sagittal sections were cut with a freezing microtome and collected at 250 -jim intervals starting 5.5 mm lateral to the midline. 16 In group 4, 40-Jim-thick frontal sections were cut starting 2.7 mm in front of and extending 3.3 mm behind the bregma. 16 In all groups every second section was stained by the silver-impregnation method of Gallyas et al 25 as modified by Crain et al, 26 and adjacent sections were stained with cresyl violet.
The calculated MR images were analyzed for changes in the ADC using an in-house image analysis system. The mean ADC values were then obtained from selected regions of interest (containing 21 pixels). Statistical evaluations used STATWORKS, 27 and p<0.05 was considered significant. In group 1, differences in ADC values were tested among individual brain regions using a one-way analysis of variance with post hoc comparisons and a paired Student's t test. The differences between groups 1 and 4 were evaluated with a nonparametric Mann-Whitney U test, and paired data were analyzed using the Wilcoxon signed rank test. Because of limited sample sizes in groups 2 and 3, the differences were evaluated using Student's t test.
Histological sections were matched with the MR images by using the shape of the corpus callosum, striatum, lateral ventricles, cerebellum, and hippocampus as guides. Silver-impregnated and cresyl violetstained sections corresponding to MR imaging sections were analyzed for brain tissue damage using a light microscope (Leitz, Wetzlar, FRG).
Results
All animals survived implantation of the microdialysis membrane. Postoperatively, rats showed no signs of seizure activity, paresis, or behavioral alterations. Figure 1 demonstrates diffusion-weighted MR images from a typical group 1 rat after microdialysis membrane perfusion with mock cerebrospinal fluid (top) and ouabain (bottom). The microdialysis membrane appears as a circular, low-signal-intensity area (arrow in Figure 1 , top). On diffusion-weighted MR images (see Figure 1) , a more intense signal reflects a more reduced ADC, and low-signal-intensity areas, such as white matter areas in the cerebellum, and the corpus callosum represent regions with high ADCs. (Regional brain tissue ADC variability probably reflects differences in myelin bundle density and direction because the ADC magnitude within heavily myelinated brain regions depends on the direction of the diffusion gradient. 8 - 9 For example, if the diffusion gradient direction is parallel to the orientation of the myelin bundles, the ADC increases.) Table 2 presents ADCs from rats in group 1. As shown, only the hippocampal ADC was affected by ouabain. Figure 2 again illustrates measurements obtained 40 minutes after ouabain exposure, demonstrating significantly reduced ADC values at different distances from the microdialysis membrane. These reductions in the ADC were observed within a l,500-/xm radius of the microdialysis membrane (see also Figure 1 , bottom).
All the rats in group 4 survived surgery. On diffusionweighted MR images obtained 40 minutes after the onset of focal ischemia, high-signal-intensity areas were observed in the dorsolateral portion of the right caudate putamen and frontoparietal (somatosensory area) cortex. The ADC measurements from the right and left dorsolateral caudate putamen demonstrated that rightsided ADCs were significantly lower than those of the contralateral left (Table 3 ). Figure 2 demonstrates that ADC measurements from the right dorsolateral caudate putamen and ouabain-treated tissue fall within the same range.
In group 2, four rats were exposed to 10 mM glutamate and three to 100 mM glutamate (see Table 1 ). The hippocampal ADC was unaffected by microdialysis membrane perfusion with 10 mM glutamate but was decreased during perfusion with 100 mM glutamate (Figure 3, top) . However, ADC reductions in the hippocampus induced by 100 mM glutamate were observed only within a 500 -jtm radius from the microdialysis membrane (compare Figure 1 , bottom, with Figure 3 , top). By contrast, perfusion with NMDA induced changes in the hippocampal ADC extending approximately 1,100 jim from the microdialysis membrane (Figure 3, bottom) . Quantitatively, the ADC reductions induced by either 100 mM glutamate or NMDA seemed to be similar to those induced by ouabain ( Table 3) .
The histological examination of brains from groups 1, 2, and 3 revealed scattered accumulations of extravasated erythrocytes and polymorphonuclear leukocytes in the hippocampal tissue close to the microdialysis membrane track. Degenerating neurons were always observed in the immediate vicinity of the membrane tract. On cresyl violet-stained and silver-impregnated brain sections from ouabain-exposed rats, we found 1) areas of pallor, indicating cellular edema, within an approximate 1,500 -jtm radius from the microdialysis membrane track and 2) degenerating neurons with shrunken somata and dendrites in the periphery of this radius. The tissue within the area of pallor was not necrotic. No histological abnormalities were seen in brain regions remote from the implantation site. On silver-impregnated brain sections from rats exposed to 100 mM glutamate and 1 mM NMDA, we observed areas of pallor extending approximately 500 and 1,000 /tm from the membrane track, respectively (compare Figure 4, top) . The tissue within the area of pallor was not necrotic. No histological abnormalities were observed in remote brain regions in these groups.
Group 4 rats were killed 3-5 hours after the middle cerebral artery occlusion. On cresyl violet-stained brain sections, pallor was observed in the right dorsolateral part of the corpus striatum and olfactory cortex. In three rats, pallor was also observed in the right frontoparietal cortex. Examination of corresponding silverimpregnated brain sections revealed degenerating neurons with shrunken somata and dendrites at the edges of the described pallor area (Figure 4, bottom) . Tissue in the right dorsolateral part of the corpus striatum was not yet necrotic because this area appeared dark brown rather than black on silver-impregnated brain sections (Figure 4 , bottom).
Discussion
We found that intracerebral application of ouabain induced reductions in the ADC similar to those observed in acute cerebral ischemia. It is questionable whether ADC reductions in the right ischemic dorsolateral caudate putamen can be compared with those measured in the hippocampus after ouabain exposure. However, we find this justifiable because ADC reductions within ischemic gTay matter areas demonstrated similar values. 28 Changes in the ADC occur so rapidly after the cessation of blood flow that histologically, there is no sign of tissue necrosis but only evidence of tissue edema. We detected a 32% reduction in the ADC in the right dorsolateral caudate putamen approximately 3 hours after the interruption of blood flow. (MR images were initiated and concluded 40 minutes and 2 hours, 56 minutes, respectively, after occlusion.) Despite the lack of CBF measurements, it seems reasonable to conclude that the right dorsolateral caudate putamen was ischemic throughout the imaging period because our previous experience with the middle cerebral artery occlusion model always demonstrated necrosis in this particular area. 19 Recent studies suggest that ischemia, i.e., interruption of CBF per se and the resultant brain tissue hypothermia, may cause part of the ADC reduction. 89 -2 * 23 Although the lack of vascular perfusion resulting in a loss of motion from intravascular protons in ischemic tissue might contribute to the decrease in the ADC, it seems unlikely that In groups 1, 2, and 3, "control" refers to microdialysis membrane perfusion with mock cerebrospinal fluid; in group 4, "control" refers to the left, nonischemic, dorsolateral caudate putamen. In groups 1, 2, and 3, "treated" refers to microdialysis membrane perfusion with 1 mM ouabain, 100 mM glutamate, and 1 mM 7V-methyl-D-aspartate (NMDA), respectively; in group 4, "treated" refers to the right, ischemic, dorsolateral caudate putamen. It is clear that the apparent diffusion coefficient (ADC) reductions induced with ouabain, glutamate, and NMDA are identical to those induced by ischemia. There is a small discrepancy in the absolute values of ADC for groups 1 and 4 and 2 and 3. Although these subtle differences may be due to differences in diffusional restriction, they are most likely due to systematic errors introduced by the different echo times used (40 msec for groups 1 and 4 and 20 msec for groups 2 and 3).
p values are for comparisons of treated and control groups that were evaluated using the Wilcoxon signed rank test. *p=0.014, 1p=0.006, $p=0.018, §p=0.009. 30 ouabain-exposed brain tissue becomes neither permanently ischemic nor hypothermia In support of this, ouabain induces transient changes in the extracellular concentrations of K + , Na + , and C l -in the rat hippocampus, the so-called spreading depression. 31 The transient nature of a spreading depression speaks against the presence of permanent ischemia. 32 The best explanation for the ischemia-induced ADC decrease, based on our ouabain experiments, is a shift of water from the extracellular to the intracellular space. In support of this mechanism, consider the following calculation. We assume that the ADC is a weighted average of the diffusion coefficients of the intracellular and interstitial compartments. The diffusion coefficients for these two separate compartments, D m (interstitial) and D^ (intracellular), are given in the literature as 0^=3.25 x 10 mm 2 /sec (we assume D tal equals the diffusion coefficient of water, and we use the value measured by van Zijl et al, 33 adiusted for temperature dependence 34 ) and 0^=1.43x10 mm 2 /sec (for D m , we use the value measured by van Zijl et al, 33 adjusted for temperature dependence 34 ). In the normal brain the interstitial space volume is 20% of the total volume whereas the intracellular compartment comprises approximately 80% of the total volume. 35 Thus, for the normal brain one would_calculate an average weighted diffusion coefficient D of (0.2x3. 25 A previous autoradiographic study of [ 3 H ]ouabain binding to sections of rat brain demonstrated a relatively homogeneous distribution of Na + , K + -ATPase binding sites in gray matter areas, thereby explaining the observed uniform effect of ouabain on the ADC in the hippocampus (the ADC reductions occurred within a radius of approximately 1,500 /xm, independent of membrane location within the hippocampus). 38 Ouabain did not affect more remote brain regions because it was administered locally, and its distribution was limited by diffusion. 18 The theoretical path length (x, in a direction perpendicular to the dialysis membrane) of brain ouabain diffusion was calculated using the Einstein equation:
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where t is diffusion time, i.e., the time from the start of ouabain perfusion through the microdialysis membrane to the conclusion of the MR experiment (=3. This estimate approximates the observed ADC reductions within a l300-/xm radius from the microdialysis membrane.
The relation between ADC reductions and acute cell swelling was further supported by the glutamate and NMDA experiments. When glutamate activates the NMDA-and non-NMDA-type receptors that are linked to Na + and K + channels, it mediates transmembrane ion and water shifts with subsequent neuronal swelling. 40 Our results further suggest that ischemiainduced glutamate release at the time of anoxic depolarization 41 may contribute to the rapid ADC reductions observed during ischemia.
The effectiveness of the sodium-dependent, highaffinity glutamate uptake mechanisms located on both neurons and astrocytes 42 was demonstrated indirectly on diffusion-weighted MR images from group 2 because 1) high glutamate concentrations were required to affect the hippocampal ADC, 2) the glutamate-induced ADC changes were observed only in close proximity to the microdialysis membrane, and 3) relatively low NMDA concentrations affected the hippocampal ADC far from the microdialysis membrane. In contrast to NMDA, when glutamate crosses the microdialysis membrane and enters the brain interstitial space, uptake mechanisms 40 will continuously remove it. Thus, our experiments agree with previous reports demonstrating that in vivo, the interstitial threshold concentration for glutamate cytotoxicity is reached only when it is delivered in sufficiently large amounts to counteract the uptake mechanisms. 43 ' 44 Unfortunately, at this time it is not possible from our microdialysis/MR imaging experiments to estimate the actual interstitial glutamate concentration range for cytotoxicity.
Ischemia-, ouabain-, glutamate-, and NMDAexposed brain tissue was nonnecrotic but edematous at the time of histological examination. Our histological results agree with previous studies in which brain tissue was exposed to ouabain. 4345 -4 * Cornog et al 45 demonstrated that ouabain does not change blood-brain barrier permeability in rats. Therefore, it is reasonable to assume that ouabain-induced edema is of the cytotoxic type. The same reasoning may be applied to the ischemia data because Schuier and Hossmann 47 showed that the permeability of the blood-brain barrier to serum proteins does not change during the initial 4 hours after middle cerebral artery occlusion.
In conclusion, our data indirectly support the hypothesis that ischemia-induced ADC reductions are caused by a shift of extracellular to intracellular water resulting from a rapid breakdown of the Na + , K + -ATPase pump. To characterize this relation in more detail and to provide more direct evidence, MR time resolution needs further improvement because ischemia-induced extracellular to intracellular water shifts in the brain are known to occur within 2 minutes. Finally, ongoing experiments employing glutamate/NMDA antagonists may help define ischemic brain injury thresholds in greater detail.
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